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ABSTRACT

SENSIT computes the sensitivity and uncertainty ot a calculated integral re-
sponse (such as a dose rate) due to input cross-sections and their uncertainties.
Sensitivity profiles are computed tor neutron and gamma-ray reaction cross-sections
ot standard multigroup cross-section sets and for secondary energy distributions
(SED's) of multigroup scattering matrices. In the design sensitivity mode, SENSIT
computes changes in Jan integral response due to design changes and gives the ppro-
pruate sensitivily coefficients. Cross-section uncertaintly analyses are pertormed
tor three types of input data uncertainties: (4) cross-section covaridnce matrices
tor pairs of multigroup reaction cross-sections, (b) spectral shape uncertainty
parameters for secondary energy distributions (integral SED uncertainties), and (c¢)
covirrance matrices for energy=-dependent response fuactions. For all three Lypes
ot data uncert 'inties SENSIT computes the resulting variance and estimated stand-
ard deviation tn an integral response ot interest, based on generalized pertur-
bation theory. SENSIT attempts to be more comprehensive than earlier sensi-
tivity analysis codes, snch as SWANLAKE.



Introduction

Sengitivity analysis in radiation transport theory attempts to dJetermine nuan-
titatively how sensitive a calculated integral response is to the input data for
the transport calculation. Such input data may concern either cross-section data,
geometr, specifications (design data), methods approximatinns, or any other input
required to perform a transport calculation. In an uncertainty analysis, the
sensitivity inform. on is used, together with additional data about the uncer-
tainty of the innut data, to calculate or estimate the uncertainty of a calcu-
lared integral response which results from these inpnt data uncertaintie.. In
a cross-section uncertainty analysis the data uncertainties may be quantified in
cross-section covariance macrices and in spectral shape uncertainty parameters for
secondary energy distributions (SED's), while the resulting response uncertainty
is best guantified by a variunce nr relative standard deviation, I[n a aesigr sensi-
tivity analysis, wusually a specific design change, e.g. a material replacrment or a
geometry modification, and its effect on a calculated integral response is of crn=-
cern. Therefore, 1in such cases a resulting response change is calculated based on
generalized perturbation theury.

The SENSIT code is in some respects more comprehensive than earlier sensitiv-
ity codes presently 1n use [1]. Specifically, SENSIT includes the calculation of
sensitivity profiles tor secondary energy distributions (SED's) and prrforms also
an SED uncertainty analysis. In addition, SENSIT alsc allows design sensi*ivity
analyses and detector response :uncertainty analyses to be pertformed in addition
to the standard cross-section sensitivity and uncertainty analysiu.

Detailed documentation on SENSIT is published separately in a comprehensive
Los Alamus Scientific Laboratory Report, Ret. [2]. This 128-pages report contains
detailed descriptions ot the SENSIT input specitications, the underlying theory,
the computational outline, details of program options, eight sample problems,
retrieving anu running SENSIT on two different tDC-7600 computers, refurences,
and listings of ail simple problems' input and output files. A separate Lus
Alamos Scientitic Laboratory report, R:f. [J], documents in detail the applica-
tion of SENSIT to a comprehensive neutron cross-section and secondary-energy-distri-
bution uncertainty analysis for a fusion reactor. Due to the avirlability of
thas detailed documentation in the open lite -, .ure, we reistrict ourselves 1n the
following to a summary of the significant tea ures of SENSIT.

Computer_Lode Abstract

1. Program Identification: SENSIT
L. . iter tor which pragram is designed: ¢DC-76000, [BM 300
). 1ption of Function and Method ot Solution:

The basic theory upont which the present sensitivily and uncertainty anaiysis
methods are based has developed over the past reveral years. We refer to only a
lew selected reterences here which can provide the user an overview of the tield,
Retn. (4] through (7). More mathematical detanl wiven 1n Ret. [B] with special
emphasis on discerete=-ordinates formulationd.  SENT 18 based an the one-.dimension-
Al discrete=ordinates tormulation of radiation transport theory and vperates an
tour ditterent modes which can be selected by sevting an nput parameter ITYP to

an wnteger value hetween zero and three as tndicated helow:

A Standard Cross=Section Sensativity Analysos CETYP = 0)

Conventional sensitivity protiles P may be derived trom the expression tor the
torward ditlerence approximation, Eq, (W) tn det. (R, or Eq (170 in Ret. [4], or
Fag. t20) an Ret. [9). The aualvtical definition of a rross=secbion sensitivity
tunction Fo(E) exprestes the sepsitavity ot a calculated integral vesponse 1 ta g
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In a multigroup formulation one usually preters to identify and work with a sen-
sitivity profile P2, which is related to the above sensitivity function through
the scaling factor™du® by P = F.(E )/Au” and reters to a group-averaged sen-
sitivity. Au® 1s the lethargy widtR of energy group g. The exact numerical
definition of a multigroup cross-section sensitivity profile for the macroscopic
cross section ZK is:
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total macroscopic cross section for reaction type x,

£'th Legendre coefficient of the scattering matrix element for
enecgy transfer from group g to group g , as derived from the
ditferential scattering cross section for reaction Lype x,
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= numericai integral of the product of forward and adjoint angular
fluxes over all angles and all spatial intervals described by 1 =
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spatial integral ot the product of Legendre coetfficients of
torward and adjoint angular fluxes.
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|un,w | = discretesardimates quadrature sirection cosines M and anso-
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integral response as calculated from forward fluxes only,
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R? = spatially and group-dependeat detector response function.

The bhasic Eq. (2), as well as 1ts corresponding Eq. (1), consist of two
terms on the right-hand side. The first term, which is always negative, is
called the "loss term” [4,8] and involves always the total (collision) cross
section for a certain reaction type. The second term involves only the differ-
ential scattering cross section and 1s always positive; it is called the "gain
term” [4,8]. In -rder to facilitate the 1nterpretation of sensitivity results,
SENSIT prints loss and gain terms in addition to the net sensitivity profiles.
B. Design Sensitivity Apalysis (ITYP = 1)

The objective in a design-sensitivity analysis is to estimate the change of
an integra2l response | due to a given Jdesign change “ithout repeating the trans-
port calculation for the altered desizn. Methods, based on generalized pertur-
bation theory, have been dev-loped which allow such estimates to he made with
second-order accuracy in recpect Lo .he associated flux change=s [5,8]. These
perturbation methods require only the forward and adjoint flux solutions to a
reference case and the specitication of 4 perturbation to this reterence
design, which 1s equivalent to a4 postulated design change. All such dJesign
changes can be described then by a perturbation, AL, in the linear Doltzmanpr
operator L.

Due to the dualism of forward and adjoint tormulations tor radiation rang-
port calculations, two different but equivalent expressions can be derived tor
the estimated integral response in the perturbed :ystem (5,8]. These expres-
sions are hoth second-order with respect tu flux chanpss hut tirst-order with
respect to the perturbation and are denoted as the adjoint difference (AD) and
the forward difterence (FD) tormulation. Using the convenient operator notation
of Rets, [5] and [B], we obt-.n tor the intesral response 'n the perturbed
system the two expressious
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where © 0 1ndicaten ntegrationy over all independent varciables, and &, 9% are
the torwvard and adjoint angular fluxes fo; the reference design, [t the
apepators AL oand ALY are writtep down explicitly [B], 1t 16 noted that the
uncond=nrder term in B (4) a8 equavalent to the negative of the numerator ot
Fq. 1) when the cross sections & are replaced by cross-sectian changes A2, and
when an additional integration over all energies B, namely, a summation over all
REouySs g, 18 periormed:
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The perturbation, as exprossed by macroscopit cross=-section changes in Egs.

(5) and (b) is calculated in SENSIT from two sets of input cross-section tables,
the unperturbed or reterence cross-section set {2} and Lhe perturbed cross-
section set {Z}:

R _ B _ =R -

A2 = IT o (7)
8°% _ -8°R _ za-8

Ais,l ) ‘5,2 (8)
B R _ -8R _zt'g

A‘S.IZ ) “s,1 (9)

A design sensitivity coetficient X 1s then defined for toth (AD and F3)
tormulatiuns according to

_o 2, 0 2y, (1)
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trom which the estimated fractional ~hange of the integral response [ due to the
introduction of the perturbation can be easily determined. SENS!T prints all
desi1gn sensativity intormation, s JdJefined 1n Cqs. ()) through (11), separately
for neutrons and gamma rays, and tor each perturhed zone, as well as 1ntegr:ied
over all perturbed zones.

(. Vector Cross-Section Sensitivity and Uncertainty Analysis (ITYP = 2)

The term "vector cross-section’ has heen chosen to 1deati1fy 4 multigroap
cross-section set which conii1sts ot a linear string ot numbers with ovne group-
averaged reaction cross=section per group, bulL no scaltering matrix. Exi1sting
correlations between two individual vector cross-sections are easily described
by 4 simple two-dimensional correlation matrix. As a4 couSequeni=, theretc.e,
1t s also straightforwvard tu describe correlated cross=secLion upcertaiaties
ot palrs ot vector cross-sections by 4 two-dimensional covariance matrix [o].
For ITYP = 2, SENSIT performs a complete sensitivity and response uncertainty
amalysis lor given sets of vector cross-section parrs {27} and {23} with an
assocldted covariance matrix Cnv(Z“.Z§ ) attached to each parr. &s a first
step SENSIT calculates the sensataivit§ profiles PY and PU ter each i1ndividual
vertor cross section. Then the covariante matrix Cuv(igfif )} s used to
compute the resulting integral response uncertainty Jdue 1o the correlated
cross=section wncertsint.es of this pair of veotor cross sections according

to 6]
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cre priated by SENSIT tor eiach vector rross=sectinn pair.
", SED Sensitivity and lncertainty Analysis ([TYP = 1)

It has only recently heen recugnized "] that sensitavity protiles for
secondary energy and angular distributions ave obtatoed as adjoints ot the
standard senmaitavity protiles, 1.0, trom the ditterential torm ot the adjoint
ditterence (AD) tormulation.  For ITYP = 1, SENSIT computex and printy the
double =dyfterential and siagle-dittarential sensitivity profiles tor secondary
energy distributions (SED w0 and pertorma also an S5ED uncertainty analysis
hanedd on the hot/cold concept ol integral SED untertaintcex [10].



As shown 1n Ref. [9], o double-differential SED sensitivity profile 1s
Jdescribed by the differentiai form of the gain term in the AD-formulation:

z'.s-;‘:’ SRR, 2R N R
PSED —{= ‘5 vy :/I‘b Au Au® (14)

This double-differential SED sensitivity pro{ile quantifies the sensitivity of
the integral response I_ to the scattering matrix element 2 ". Therefore,
Porn~ LS a pure gain Le?m for the sensitivity gain due to the transter of neu-
troas from the incident energy 3roup g to the final energy group x.

[n order to perform an SED uncertainty s4nalysis based on the hot/cold
concepl 1ntroducted in Ref. [10}, 1t 1s required to specify the median energy
group of the SED tor each incident neutron encrgy grcup, GMED(g "), as well as
the assoc-ated integral SED uncertainty (spectral shape uncerrainty parameter),
Fep (g1, for each SED with irncident energy group g . GMED(g ™) and Fg D(g')
aré expected 1nput arrays i1n SENSIT 1f ITYP = ). Hot and cold nntegraE SED
sensiLivity coefficients, SHoTtg') and SCOLDQR')‘ are then computed bv SENSIT
according to [10]:

g, SRR B R K
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From these (wo components ot an integral SED sensataivity, SENSIT obtains the net
integsal SED sensaitivitly coetficient

St 1= 5 S ', 17
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which quantitiey how much more senasttive the 1ntegral response ll 15 to the hot
component ot the SED at incident energy group g than to ats eold component.
The simplest possible response uncertainty estimate due to estimated SED a-
certainties 1 s then obtaitned trom |10}

o1 [GM1 .
(l )...,.“ e Eopyte e (181
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Yalues tor the SED sensaitivity protile, as detined an Eq o (1t all integral SED
sensibivaty oot iorents, Egs. 0150 through €170 and the estimated response
uncertaroty dae vty all o gntegreal SED uncertaanties acoordiag to Byg C18), are
printed hy SENSIT tor each wrt ot material cross sections amd associated intes
gral SED unenrtainties
“ Input Formats .

SENSIT usey the angular flux output tiom one-dimeansional hisorete=ardin-
e ondes gs tput tiles. Shab, sphertcal and cne-dimensional cvlhindroeal
prometries are allowed.  An input parameter 1TAPE allows to read angular
torwatd - nd odpognt=tlux tapes n two d, ttevent tormats, ITAPE = | 1s the
pesterred aption to read the standardized CCCC=Tlux tormat which s detined
grecanely (1] and s recommended by the Commiltee on Computer Code Coordina-
tion an g code and computer ndependent standarnd antertace format.  The LASL
codde ONETRAN [12], » n., generates @ CCCC-tormated aagular flun tape on TAPEN
i beth control antegers [FO and TANG cre o set to 1. 1t ITAPE = 0, SENSIT reads
the angular tlux tapes as weneraveg by toe ORNL code ANTSN [13] or the olider
LAST e DTE [ 1)



Three options are built inte SENSIT to read standard neutron (or coupled
neutron/gama~ray multi-group cross-section sets: first, LASL format cross
sections from cards; second, LASL format cross sections from tape; and third,
limited FIDO (ORNL) format cross sections from cards. The general structure
of all transport cross-section tables 1s as described in the transport code
literature; e.g., the ONETRAN [12] or ANISN manual [13|. The LASL format is
simply a string of 6E12.5 formatted numbers, while the [IDO format allows
certain abbreviations for strings of zeroes, etc. For covariance data ipput a
convenient ENDF-like input format i1s adopted which is i1dentical to the output
format from the cross-section processing code system NJOY [i5].

5. Data YManagement and Storage Requirements:

SENSIT uses one-, two-, and three-dimensional arrays to manage the large
amount of numerical data 1nvolved 1n 1ts execution. Core storage 1s reserved
for a particular dimensioned array only during the time the corresponding data
are required to be 1n-core; at other times, the space 1s made available for the
storage of other data. In nrder to alleviate bookke ping chorzs associated
with such Jdynamic storage allocation techniques, Argonne Natinnal Laboratory
developed 4 vollection ot subroutines, called *he BPOINTR package [16,17], which
1s 1ncorporated 1n SENSIT. The user needs to n .ow nothing about the BPOINTR
routines themselves, only that they require two large blocks ot workspace called
"containers"” for Jdata storage during execution of a4 joo. The container sizes
are set 1n the main prog:am by four FORTRAN statements a4s explained i1n Ref.
[2], and the choice of sizes is problem dependent. The first container, the
FCM (fast-core memory) or SCM (small-core memory) container. is i1n the CDC-
7600's fast memory. The second, the ECM (extended-core-memory) or LCM (large-
core memory) container, 1$ in the sluwer memory banks ot Lhe CDC-7600. oOn IBM
machines, both containers are in tast memory [16,17].

b. Machipe Requirements and Restrictions

Due to the variable dimensioning as described above, large tlexibility
ex15ts to adjust the storage requirements for a4 speritic problem to the avairl-
able machine vore. On a4 CDC-7600 all of the 8 sample problems and the realis-
tic applications described 1n Ret. (3] could be executed within 4 maximum ot
24000 words of tast (SCM) core and BOOUO words of extended-vore (ECM) memory.
7.__Running Time

A Lypical execution time on the CDC-7600 for a standard cross-section
sensitivily analysis, together with an SED uncertainty analysis 1s about <
seconds CIU (central processor units) time  Here a coupled neutron/gasma
group structure ot 30 * 12 groups, P  cross-sections, and 137 spatial intervals
was used. A typicsl vewtor cross-section senditivity and uncertainty analysis
with 30 + JO covariance matrices requires about 2 seconds ot CPU time per case.
K. Haterial Available:

The SENSIT code package 1s available in o CDC as well as an IBM version
and 15 distriluted through the RSIC/EPIC code center tor the U.5. and the ESIS
vode center tar Furope. The package contains the FORTRAN source code ltogether
with complete input and output tiles tor 8 sample problems.
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